Matrix metalloproteinases (MMPs) are a specific class of proteolytic enzymes that play critical roles in follicular development and luteinization in mammals. However, the role of MMPs in avian ovary remains largely unknown. We found that three MMP genes (MMP1, MMP3, and MMP9) were significantly up-regulated in 23-wk-old (laying phase) chicken ovaries compared with 6-wk-old ovaries (prepubertal phase). In reproductively active chicken ovary, MMP1 expression (both mRNA and protein) remained low in prehierarchical and preovulatory follicles but increased in postovulatory follicles (POFs). Both MMP3 and MMP9 expression levels increased during follicular maturation. MMP3 reached maximal expression in the first largest follicle (F1), while MMP9 levels continued to rise in POF1 and POF2 after ovulation. Immunohistochemistry, Western blot analysis, and zymography experiments indicated that MMP1, MMP3, and MMP9 were synthesized and secreted by granulosa cells of different follicles in the chicken ovary. The mRNA expression of MMP1 and MMP3 in the granulosa cells was stimulated by follicle-stimulating hormone, luteinizing hormone, progesterone, and estrogen but not by transforming growth factor beta 1 (TGFB1). However, the mRNA of MMP9 was induced by TGFB1 but not follicle-stimulating hormone, luteinizing hormone, progesterone, or estrogen. Luciferase reporter and mutagenesis analysis indicated the AP1 and NFkappaB elements located in the promoter region from À1700 to À2400 bp were critical for both basal and TGFB1-induced MMP9 transcription. These data provide the first spatial-temporal expression analysis of MMP system in the chicken ovary.
INTRODUCTION
The ovary is a unique and dynamic organ in respect to rapid and extensive degrees of tissue development and remodeling that are periodically repeated in the female reproductive system [1] . During the development of the ovarian follicle, there is dynamic cellular proliferation and differentiation of granulosa, theca, and surrounding stromal cells. The continued growth from the initial primordial follicle gives rise to a mature follicle that is approximately 400-fold larger and rests in an extracellular matrix (ECM) environment enriched in proteoglycan, collagen, laminin, fibronectin, and other fibrous proteins [2, 3] . During ovulation, proteolysis occurs to degrade the connective tissue cells and the ECM of the follicle to release the oocyte, and then the ruptured follicle is transformed into a corpus luteum (CL) with dramatic changes in cellular organization and ECM composition. Finally, the CL regresses by cellular apoptosis accompanied with proteolysis and dissolution of the luteal ECM [4] . These extensive cyclic changes in the follicular ECM throughout each reproductive cycle are postulated to occur via the action of a cascade of proteolytic events involving matrix metalloproteinases (MMPs) activity. MMPs are the enzymes that break down ECM and connective tissues to facilitate tissue remodeling [5] . Many studies have shown that MMPs play an important role in the follicular ECM alterations associated with follicle development, ovulation, and subsequent luteinization as well as luteolysis in mammalian ovaries [2, [6] [7] [8] [9] .
The domestic fowl provides a unique model for investigating molecular and cellular mechanisms involved in follicular development and differentiation. The single left ovary contains follicles of various sizes and developmental stages, including primordial follicles, primary follicles, prehierarchal follicles, preovulatory follicles, and postovulatory follicles (POFs) [10, 11] . To maintain this hierarchy and daily ovulation, a follicle is selected from the pool of 6-8 mm small yellow follicles and grows into a 40 mm preovulatory follicle in just 5-9 days [12] . Furthermore, unlike mammals, the POF in birds fails to form a functional CL and rapidly regresses [13] . With this record rate of cell growth and degradation, there are extensive cellular alterations in chicken ovarian follicles, including widespread cell and tissue remodeling, throughout the ovulatory cycle. The whole process also requires more finely controlled endocrine, paracrine, and autocrine regulation in the streamlined hierarchical follicles of all the different stages within a single ovary.
Currently, very limited studies have investigated the role of MMPs during chicken reproduction. MMP2 was implicated in the regression of the right Müllerian duct in chicken embryo [14] , and its mRNA was differentially expressed in chicken follicles [15] . The involvement of MMP family members in chicken ovary maturation and follicular development remains largely unknown. In this study, we compared the expression of MMP1, MMP3, and MMP9 in ovaries from adult laying hens with those of prepubertal hens, analyzed the expression patterns of MMP1, MMP3, and MMP9 in different follicles of the chicken ovary, and further investigated the endocrine and paracrine regulatory mechanisms of these genes in chicken granulosa cells.
MATERIALS AND METHODS

Animals and Tissue Harvest
Prepubertal (6-and 16-wk-old) and adult (23-wk-old) White Leghorn hens, the latter having laid eggs regularly for at least 2 wk, were used in this study. Birds were housed under standard conditions with food and water. Hens were killed by cervical dislocation, and the ovaries were collected immediately. The whole ovary was harvested for RNA sequencing [16] or protein extraction for comparing ovarian MMP expression between prepubertal and mature hens. Different follicles, including small white follicles and F4, F3, F2, F1, POF1, and POF2 follicles, were manually dissected out for RNA or protein extractions for analyzing MMP expression in the different follicles. For tissue sections, the preovulatory and POFs from the ovaries of mature animals and the whole ovaries from prepubertal animals were isolated and fixed. The yolk in the preovulatory follicles was always carefully removed with a syringe and a 25-gauge needle before the tissue lysis or fixation. The hens were handled and treated according to the Animal Care and Use Committee of Shandong Agricultural University.
RNA Extraction and Sequencing
The hens (6-and 23-wk-old), ovary harvest, and RNA extraction procedures were performed as described previously [16] . Messenger RNA was enriched by oligo (dT) magnetic beads from total RNA and degraded to about 200-bp fragments. Then the first strand of cDNA was synthesized by using random hexamer primer, and the second strand was subsequently synthesized based on the first strand. The double-stranded cDNA was purified with the QiaQuick PCR extraction kit (Qiagen) and eluted with elution buffer (BGI-Shenzhen) for end repair and adenine addition. Finally, sequencing adaptors were ligated to the fragments. The required fragments were purified by agarose gel electrophoresis and enriched by PCR amplification. Messenger RNA selection, library preparation, and sequencing were performed at BGIShenzhen on an Illumina HiSeq 2000 sequencer according to the manufacturer's specifications. MMP gene information was referenced with the Gallus_gallus-4.0 Primary Assembly at National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/genome/111). The mapped read counts for each gene between samples were normalized and quantified according to [17] .
Granulosa Cell Culture
The second largest (F2), third largest (F3), and fourth largest (F4) follicles were separated from the ovaries and placed in PBS (HyClone). The granulosa layer from F2 to F4 was firstly separated from the follicle, and the theca cells were isolated according to the protocol described in [18] . After the granulosa layer was obtained, the granulosa cells were dispersed by treatment with 0.3% collagenase at 378C for 10 min with gentle agitation in a flask. After centrifugation, the cells were suspended in culture medium (M199 [Gibco] with 2.5% fetal bovine serum and 1% penicillin/streptomycin) and subsequently seeded in 24-well culture plates at a density of 2 3 10 5 /well. The number of viable cells (.90%) was estimated using Trypan blue. Cells were cultured at 398C in a water-saturated atmosphere of 95% air and 5% CO 2 for 24 h. Then the serum-free medium was used, and the cells were subsequently treated with different concentrations of recombinant human follicle-stimulating hormone (rhFSH), equine luteinizing hormone (LH), progesterone, and estradiol (Sigma) for an additional 24 h. Furthermore, recombinant human TGFB1 (Prospecbio) was used to study the effect of TGFB1.
Gelatin Zymography
Granulosa cells were cultured for 24 h after isolation and washed three times with warm PBS. Condition medium (M199 with 1% penicillin/ streptomycin) was added into the wells (300 ll per well) and incubated for 48 h before collection. A gelatin zymography assay kit (P1700; Applygen) was used to examine the gelatinolytic activity of the conditioned medium and lysed granulosa cells. In short, the samples (30 ll of conditioned medium or 20 lg of cell lysate) were electrophoresed on a 10% SDS polyacrylamide gel impregnated with 0.1% of gelatin under nonreducing conditions. To activate the proteinases, the gels were incubated at 378C overnight in an incubation buffer containing 50 mM Tris-HCl (pH 7.5), 10 mM CaCl 2 , and 0.02 mM NaN 3 . The gels were subsequently fixed and stained with 0.25% Coomassie brilliant blue R-250 for 1 h and washed in 25% methanol and 7% acetic acid to visualize the bands of proteolytic activity.
Real-Time Quantitative Polymerase Chain Reaction
Total RNA from the homogenized ovaries, follicles, and the isolated granulosa or theca cells was extracted using an RNAqueous Kit (Ambion), and total RNA from the cultured granulosa cells was isolated with an RNeasy Mini Kit (Qiagen). The RNA samples were assessed by gel electrophoresis, and the 260/280 optical density ratios of 1.8 or higher were obtained. The cDNA was synthesized using AccuScrip High Fidelity Reverse Transcriptase (Stratagene) according to the manufacturer's instructions. The total reaction volume of 20 ll contained 3 lg total RNA, 2 ll RT-buffer, 1 ll oligo-d(T) primer (10 lM), 1 ll dNTPs (25 mM each), 2 ll dithiothreitol (100 mM), 1 ll reverse transcriptase, and RNase-free-water. Real-time quantitative PCR (qPCR) was performed using SYBR premix Ex Taq (TaKaRa). The total reaction volume was 15 ll, including 2 ll of cDNA template, 7.5 ll of Master Mix, 0.3 ll SYBR Green Rox, 1 ll each of the forward and reverse primers (10 lM), and water. The program was 958C for 30 sec followed by 40 cycles of 958C for 5 sec, 568C for 30 sec, and 728C for 30 sec. Melting curves were used to confirm the specificity of each product, and the efficiency of the PCR was determined by analysis of two-fold serial dilutions of cDNA. The PCR efficiency was close to 100%, allowing the use of the 2
ÀDDCT method for the calculation of relative gene expression [19] . All the qPCRs were carried out with negative controls. All the PCR fragments included the complete exonic sequences and avoided amplification of genomic DNA. The primer sequences were as follows: 
Western Blot Analysis
Total protein was extracted from homogenized ovaries and different developing follicles as well as cultured granulosa cells by the Cell Lysis Reagent (Fermentas). The conditioned medium was concentrated with Amicon Ultra Centrifugal Filters (Millipore). Protein concentration was determined by the bicinchoninic acid assay (BCA Protein Array kit, Tiangen Biotech). An equal amount of protein was separated by 10% SDS gel electrophoresis under denaturing and nonreducing conditions and then transferred to a polyvinylidene fluoride membrane. The rabbit anti-chicken MMP1, MMP3, and MMP9 primary antibodies were produced by Jin Sirui Biotechnology. These antibodies were generated by using CYDENKKSMDHGYPR, CPTEMAPTERPEDCD, and CTPEPTAEPSPVDPS of chicken MMP1, MMP3, and MMP9, respectively, as the immunogens. The polyvinylidene fluoride membranes were blocked (1 h, 378C) with a solution of 5% bovine serum albumin in PBS and then incubated (2 h, 378C) with the MMP1 (1:200), MMP3 (1:200), or MMP9 (1:200) antibodies in a 5% bovine serum albumin/PBS solution. After washing in PBST (G-Biosciences), the blots were incubated with horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G antibody (1:5000; Abcam) in a 5% bovine serum albumin/PBS solution (1 h, 378C). The specific binding was visualized using diaminobenzidine (Tiangen). Total protein was normalized with the anti-GAPDH antibody (1:200; Goodhere) on another gel. A parallel negative control experiment omitting the primary antibody was conducted to observe any cross-reactivity of the secondary antibody.
Immunohistochemistry
Prepubertal (6-wk-old) and adult (23-wk-old) chicken ovaries were collected. Preovulatory and POFs from the ovaries of the adult were dissected out from other parts of the ovaries. Tissues were fixed in 10% buffered formalin (pH 7.2-7.4) and paraffin-embedded, and then cut into 5-lm tissue sections. All the sections were deparaffinized, rehydrated through a graded ethanol series, boiled in 10 mM sodium citrate buffer, quenched in 3% hydrogen peroxide, and blocked with 10% goat serum for 20 min. Next, the slides were incubated with rabbit anti-chicken MMP1, MMP3, and MMP9 antibodies (1:100) for 2 h at 378C. Then, the sections were incubated with the biotinylated secondary antibody and avidin-biotin-peroxidase complex for 0.5 h according to the Histostain-plus kit instructions (Zhongshan Golden Bridge Biotechnology). Finally, immunoprecipitates were visualized by incubation with a ZHU ET AL. diaminobenzidine kit (Zhongshan Golden Bridge Biotechnology). The sections were counterstained with hematoxylin after immunostaining, dehydrated, and covered. Negative control staining was performed by using normal rabbit serum instead of primary antibody. No specific staining was found on the control slides.
Plasmid Constructions
The 5 0 -regulatory region of MMP9 was cloned from hen genomic DNA using the following primers: forward 5 0 -TTTCTCGTGCCGCATTGTTCCT-3 0 and reverse 5 0 -CAGAGGAGGGTGAAGCTGTGCC-3 0 . The amplified fragment spans the region between À3842 to À14 bp of the chicken MMP9 gene, where þ1 is the transcription initiation site. PCR products were cloned into the pGL-3 basic luciferase report vector (Promega) using the SmaI restriction site. This construct was named À3842 MMP9pr-luc. Deletion constructs À3000 MMP9pr-luc, À2400 MMP9pr-luc, À1700 MMP9pr-luc, and À1000 MMP9pr-luc were generated by PCR, with À3842 MMP9pr-luc as the template, and confirmed by bidirectional sequencing.
Mutagenesis
The AP1 sequence TGAGTCA (À1982/À1976) was mutated to TGAGa CA. The NFKB sequence GGGATTTTCC (À2376/À2366) was mutated to GGGATaaTCC, and the CREB sequence TGACGTCT (À2312/À2305) was mutated to TGAgGTCT. All the mutations were performed using a Quickchange site-directed mutagenesis kit (Stratagene) with the À2400 MMP9pr-luc plasmid as the template. Mutations were confirmed by bidirectional sequencing.
Transient Transfection and Luciferase Assay
Granulosa cells were plated on 24-well plates for transient transfection experiments. The cells were transfected with the luciferase reporter plasmids (800 ng/well) using Lipofectamine 2000 (Invitrogen). Transfection efficiency was normalized by cotransfection of 30 ng of the Renilla luciferase reporter plasmid (pRL-CMV vector; Promega). At 24 h after transfection, recombinant human TGFB1 was added. At 48h after transfection, the cells were lysed and assayed for promoter activity using the dual-luciferase reporter assay system. The enzymatic activity of luciferase was measured with a luminometer (Modulus TM; Turner Biosystems).
Statistical Analysis
All the experiments were repeated at least four times, and all the data were presented as the mean 6 SEM. The optical density of the Western blot bands were analyzed by Quantity One software (Bio-Rad) according to the manufacturer's instructions. Student t-test was employed to analyze the mRNA between theca and granulosa cells as well as the luciferase activity of different truncated MMP9 promoter-reporters after TGFB1 treatment. All the other statistical analyses were performed with one-way ANOVA, followed by Duncan multiple range test (P , 0.05) by using SPSS 19.0 (SPSS Inc.).
RESULTS
MMP1, MMP3, and MMP9 mRNA and Protein Expression During Chicken Ovary Development
By Illumina/solexa sequencing, we found that all the MMP members were expressed in the chicken ovary except MMP7 and MMP14, and particularly, that the MMP1, MMP3, and MMP9 were expressed significantly higher in the ovaries of laying hens (23-wk-old hens) than prepubertal hens (6-wk-old hens) ( Table 1 ). The increased mRNA expression of MMPs was validated by qPCR (Fig. 1A) . We also examined the protein expression of the three MMP members. MMP1, MMP3, and MMP9 were all detected in the whole ovary protein extracts obtained from prepubertal and adult hens with the expected sizes (Fig. 1B) . Similar to the mRNA expression 
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patterns, the protein levels of MMP1, MMP3, and MMP9 were also significantly higher in the laying chicken ovaries, while no significant difference between 6-and 16-wk-old chicken ovaries was observed (Fig. 1B) . These changes in mRNA and protein expression indicate that a sharp increase in ECM turnover occurred in the fast development and maturation period of the chicken ovary during sexual maturation.
MMP1, MMP3, and MMP9 mRNA and Protein Expression During Chicken Follicular Development
We next examined the MMP expression in different follicles of the laying hen ovaries. The prehierarchical growing follicles (small white follicles), the preovulatory follicles (F4, F3, F2 , and F1), and the POF1 and POF2 were collected from the reproductively active chicken ovaries. MMP1 mRNA and protein levels were stable in the hierarchical follicles before ovulation, then increased significantly in the POF1 follicles, but decreased in the POF2 follicles (Fig. 2, A and D) . However, the mRNA and protein expression of both MMP3 and MMP9 progressively increased as the follicles matured from the prehierarchical to the preovulatory stage (Fig. 2, B-D) . After ovulation, the expression of MMP3 decreased rapidly, but MMP9 expression continued to increase (Fig. 2,  B-D) .
Localization of MMP1, MMP3, and MMP9 Proteins in the Chicken Ovary
Immunoreactivity of MMP1, MMP3, and MMP9 proteins were observed in the ovaries from prepubertal and mature animals. In the developing ovaries, strong staining of MMP1, MMP3, and MMP9 was detected in the yolk remnant of primordial follicles while the surrounding granulosa cells and stroma cells also showed positive staining (Fig. 3, A-D) . In the matured ovaries, MMP1, MMP3, and MMP9 were again strongly stained in the yolk debris of the preovulatory follicles (Fig. 3, E-H) . Weak staining in the granulosa cells and theca cells was also found in the same follicles (Fig. 3, F-H) . After ovulation, the granulosa cells displayed a transformed and loosen morphology, and the MMP staining in granulosa and thecal cells increased dramatically (Fig. 3, I -L).
Synthesis and Secretion of MMP1, MMP3, and MMP9 Proteins from Granulosa Cells
The above immunostaining results suggest that MMP1, MMP3, and MMP9 proteins distributed in the yolk remnant may be secreted by the surrounding granulosa cells and theca cells. To confirm this, we isolated granulosa cells and theca cells from preovulatory follicles and examined MMP1, MMP3, and MMP9 mRNA expression levels in these cells. The MMP1, MMP3, and MMP9 mRNAs levels were significantly higher in granulosa cells than theca cells (Fig. 4A) . Then a serum-free granulosa cell culture system was established to check the secretion of MMPs into the conditioned medium. After 48 h of incubation, we detected MMP1, MMP3, and MMP9 proteins in both the conditioned medium and the granulosa cell lysate by Western blot analysis (Fig. 4B) . We further analyzed the MMP enzyme activity by gelatin zymography (Fig. 4C) , and the band patterns of gelatinolytic activity corresponding to chicken MMP2 and MMP9 [20] [21] [22] . These data indicate that granulosa cells are important cellular origin of MMP production in the chicken ovary.
FSH, LH, Estrogen, and Progesterone Regulate MMP1, MMP3 but Not MMP9 Expression in Chicken Granulosa Cells
The processes of follicle development and ovulation are largely controlled by reproductive hormones. Therefore, we isolated granulosa cells from preovulatory follicles to see whether the expression of MMPs was controlled by gonadotropins (FSH and LH) or steroid hormones (progesterone and ZHU ET AL. estrogen). All of these hormones could significantly stimulate the mRNA expression of MMP1 and MMP3 (Fig. 5, A and B) . However, FSH, progesterone and estrogen had no effect on the expression of MMP9, and high concentrations of LH could inhibit MMP9 expression (Fig. 5C ).
Effect of TGFB1 on MMP1, MMP3, and MMP9 Expression in Chicken Granulosa Cells
Our results demonstrated that hormones such as FSH, LH, progesterone, and estrogen could not activate MMP9 expression in granulosa cells during follicle development, although the endogenous MMP9 expression increased with follicle maturation in vivo. We infer that there must be other mechanisms to stimulate MMP9 expression during follicle development. Among the TGF-beta family members, TGFB1 is the main isoform expressed in hen follicles [23] . Therefore, we treated granulosa cells with TGFB1 and found that TGFB1 significantly stimulated MMP9 expression. However, the expression levels of MMP1 and MMP3 were not influenced by different doses of TGFB1 (Fig. 6 ).
TGFB1 Stimulates MMP9 Transcription via AP1 and NFkappaB Elements in the Promoter Region
To further investigate the mechanism of TGFB1 transcriptional activation of MMP9, we transfected granulosa cells with a series of truncated promoter-reporter vectors. We found that the region from À1700 to À3100 bp contains a cis-element necessary for gene promoter activity (Fig. 7) . After the transfected granulosa cells were treated with TGFB1 for 24 h, 5 0 deletion of the promoter until À2400 bp did not affect TGFB1 induction (Fig. 8A) . However, a marked decrease in TGFB1 stimulation was observed upon deletion of the promoter region downstream of the À2400 bp position. These data suggest that the sequence from À1700 to À2400 of the chicken MMP9 gene should contain the TGFB1 responsive element.
Bioinformatic analysis revealed that three potential binding elements (AP1, NFkappaB, and CREB) exist in the region from À1700 to À2400 bp of the MMP9 promoter that might produce a response to TGFB1. To determine the importance of the consensus AP1-, NFkappaB-, and CREB-binding sites in the MMP9 promoter, site-directed mutants were generated and 
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transfected into cultured preovulatory granulosa cells. We found that the mutation of either AP1-or NFkappaB-binding sequence not only inhibited the basal luciferase activity of the À2400/À14 promoter but also abolished the induction of promoter activity by TGFB1 (Fig. 8B) . These findings suggest that AP1 and NFkappaB are critical factors for both the basal MMP9 transcription and the up-regulation of MMP9 by TGFB1. A site-directed mutant of the CREB site was generated but had no effect on the MMP9 promoter luciferase activity compared to the wild type (Fig. 8B) , which suggests that the CREB site of À2400/À14 construct did not participate in the regulation of MMP9 transcription with or without TGFB1.
DISCUSSION
To mature and release oocytes, the ovarian follicles undergo drastic, periodic morphological changes under certain physiological conditions in sexually mature vertebrates, indicating the occurrence of extensive tissue remodeling. Previous studies in mammals indicate that different MMPs play important roles in this process [2] . However, the role of MMPs in the avian ovary remains largely unknown. In this study, using Illumina/solexa sequencing, for the first time, we found that MMP1, MMP3, and MMP9 expression in the whole ovary increased significantly during sexual maturation. These data indicated that these MMPs are essential for the maturation of chicken ovary and may play important roles in the development of chicken follicles. Then we characterized the expression pattern of MMP1, MMP3, and MMP9 in different ovarian follicles, and further analyzed the transcriptional regulation of MMP1, MMP3, and MMP9 in granulosa cells in response to gonadotropins, sex hormones, and TGFB1.
Expression and Regulation of MMP1 in the Chicken Ovary
In the present study, MMP1 (interstitial collagenase) expression stayed low during follicle development and increased dramatically after ovulation. This result is consistent with a previous report in chicken ovarian follicles that demonstrated no significant changes in collagenase activity up to ovulation and then an increase in collagenase activity correlating with the time after ovulation [24] . In hens, the rapid regression, rather than accumulation, of POFs is the prerequisite for successive ovulations [25] . It is likely that this collagenase is necessary for rapid POF regression. Similar expression pattern was also found in rabbit, which showed a sharp induction of MMP1 expression only in erupted follicles [26] . In cows and pigs, MMP1 expression was low in the follicle development and early stage of CL but significantly elevated in the late stage of CL during luteolysis [27, 28] . In rhesus macaques, however, MMP1 expression was high in CL development but reduced significantly in luteolysis [29] . In human, MMP1 expression remains unchanged during CL formation and regression [30] . These data collectively indicate that MMP1 may play the similar role during follicle maturation but species-specific differences exist in postovulatory events.
In the chicken follicles, our data showed that MMP1 is synthesized by granulosa and theca cells, and the protein is accumulated in the yolk of primordial and preovulatory follicles. We also detected abundant protein expression in the granulosa and theca cells after ovulation. The MMP3 and MMP9 proteins also showed similar distribution patterns. This is the first study indicating a prominent yolk accumulation of MMPs, which is probably unique in avian species. In rabbits, MMP1 was localized primarily in theca cells throughout the preovulatory period but increased in both granulosa and theca cells of the newly ovulated follicles [26] . There are conflicting 
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results concerning MMP1 immunoreactivity in bovine follicles. One study reported that MMP1 is expressed both in granulosa and theca cells in the preovulatory follicles [31] , while another reported theca cell-specific MMP1 expression in the same follicles [32] . The differences in MMP1 protein distribution in the follicles may reflect disparities in research models or experimental procedures.
MMPs synthesis is regulated primarily at the transcriptional level [33] . Ovarian MMP mRNA expression is regulated by numerous stimulatory and suppressive factors, including reproductive hormones [2] . It is well-established that gonadotropins, acting either directly or via ovarian steroids, regulate MMP1 expression in ovarian follicles in different species [2] . Gonadotropin-releasing hormone (GnRH)-induced gonadotropin surge can stimulate the expression of MMP1 gene in bovine preovulatory follicles [31, 32] , and hCG also stimulates MMP1 expression in follicle cells in rabbit [26] and rhesus monkey [34] . In rhesus monkey, MMP1 expression was induced by LH in peri-ovulatory granulosa cells [35] but was inhibited by LH or progesterone in CL [36] , which indicates a transition of regulation in the same follicle. We found that FSH, LH, estrogen, and progesterone can stimulate MMP1 expression in chicken granulosa cells, which is in agreement with the previous report that LH and progesterone added to the culture of follicle wall increased the total activity of collagenase in hens [37] . Our results also showed that the expression of MMP1 was significantly higher in POF1 than in other follicles. Whether the MMP1 induction in POF1 was mainly caused by the peri-ovulatory increase in gonadotropins or ovarian steroids requires further investigation.
Expression and Regulation of MMP3 in the Chicken Ovary
MMP3 mRNA expression was stable in human and rat granulosa cells after hCG stimulation [38] , but it was not detected in the mouse ovary during the peri-ovulatory period [39] . In addition, MMP3 mRNA was detected in ovine CL and was transiently increased within 30 min of functional luteal regression [40] . We found that, in chicken, MMP3 expression gradually increased with follicular maturation and reached its highest level in F1 follicles. A rapid decrease in the MMP3 0 serial deletions. Twenty-four hours later, cells were treated with TGFB1 (5 ng/ml). B) Granulosa cells were transfected with the À2400 MMP9pr-LUC (WT) or the same construct carrying the mutated AP1 site (mAP1), CREB site (mCREB), or NFkappaB site (mNFKB). Twenty-four hours later, cells were treated with TGFB1 (5 ng/ml). All the data are presented as the mean 6 SEM from at least six independent experiments. Bars with different superscript letters are significantly different (P , 0.05).
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mRNA was observed in chicken POF follicles, which is in contrast with MMP3 induction during ovine luteolysis [40] . The temporal MMP3 expression pattern indicates that it is probably involved in chicken ovulation but not POF regression.
Similar to MMP1, chicken granulosa MMP3 mRNA could also be stimulated by gonadotropins and ovarian steroids. We also examined whether TGFB1 could play a role in the granulosa MMP1 and MMP3 regulation and found that the expression levels of MMP1 and MMP3 were not influenced by different doses of TGFB1, which differs from the results in other types of cells [41, 42] . The underlying mechanisms controlling the MMP1 and MMP3 responsiveness to gonadotropins and ovarian steroids but not TGFB1 require further study.
Expression and Regulation of MMP9 in the Chicken Ovary
MMP9 represents the largest and most complex member of the MMP enzyme family and receives extensive studies among different species [43] . We found that MMP9 expression in chicken ovary increased steadily during follicular development and reached the peak right after ovulation and remained high in early POFs. The temporal expression pattern of chicken MMP9 was similar to that of several other species, including teleost fish [44] , rat [45, 46] , pig [47] , cow [48, 49] , horse [50] , rhesus monkey [51] , and human [30, 52] . The postovulatory upregulation of MMP9 among different species implies that MMP9 likely plays a direct role in the tissue degradation in avian and fish POFs as well as in the cellular transformation during the luteinization of mammalian follicles.
Similar to MMP1 and MMP3, the MMP9 protein was synthesized and secreted by granulosa cells into the yolk in primordial and preovulatory follicles of chicken ovary. Gelatin zymography confirmed the identity and activity of the secreted MMP9. This is the first study to date showing that avian granulosa cells are also capable of secreting gelatinolytic-active MMPs similar to mammalian species [45, 50, 53] . In the developing follicles, MMP9 protein was observed predominantly in granulosa cells in hamster [54] , horse [50] , and rhesus monkey [34] . However, in rat [45, 55, 56] and human [57] , primarily theca-interstitial and perifollicular stroma cell enrichment of MMP9 was detected. The ovarian distribution of MMP9 in different species likely coincides with the changes in the species-specific granulosa and theca cell remodeling during follicular development.
The chicken granulosa cell culture experiments showed that gonadotropins and ovarian steroids have little or no effect on MMP9 expression in chicken granulosa cells. However, granulosa MMP9 expression could be regulated by gonadotropins in other species, such as bovine [58] and rhesus monkey [35, 36] . The question subsequently arises as to which factor contributes to MMP9 induction in chicken peri-ovulatory follicles if it is not gonadotropins or ovarian steroids. Because TGF-beta is implicated as a regulator for MMPs in many types of cells [59, 60] , we investigated the effect of TGF-beta on MMP9 expression and found that TGFB1 stimulated MMP9 expression in chicken granulosa cells. Therefore, it is likely that the abundant TGFB1 in peri-ovulatory follicles [10, 61] selectively and efficiently stimulated the expression of MMP9 among the MMP family members. It also indicates that TGFbeta is involved in the follicular ECM regulation, at least in part via its ability to alter the level of MMP9 expression.
We further studied the regulatory mechanism of TGFB1 on MMP9 expression in granulosa cells by analyzing chicken MMP9 promoter region. We found that the cis-elements AP1 and NFkappaB, but not CREB, are essential for both the basal MMP9 transcription and the TGFB1-induced MMP9 upregulation. These data are consistent with previous reports that AP1 [59, 62] and NFkappaB [63] [64] [65] sites are important for MMP9 regulation by TGFB1 in other types of cells of different species.
In conclusion, as the findings in this study are compared with results from other animal models, species-specific similarities and differences were revealed in the expression and regulation of each of the three MMP members. The integration of multiple factors controlling MMP transcription provides a wide range of interactions between endocrine and paracrine regulatory mechanisms, which may explain how the expression specificity is achieved among the different members of the MMP family. It is tempting to speculate that in chicken follicles, signals (gonadotropins) that regulate a certain MMP in one setting may have no effect in another, depending on the absence or presence of other signals (e.g., TGF-beta). Given the cellular complexity of the chicken ovarian follicle and the extensive tissue remodeling taking place in the ovulatory cycle each day, further delineation of the functions of these MMPs will improve the understanding of avian reproduction.
